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Cover letter “Ionic liquids for metal extraction from chalcopyrite: solid, liquid and gas phase 
studies” 

Olga Kuzmina, Emmanouil Symianakis, Daniel Godfrey, Tim Albrecht and Tom Welton 
 
Dear Editors of Physical Chemistry Chemical Physics, 
 
We are pleased to submit for publication in Physical Chemistry Chemical Physics the attached 
manuscript entitled " Ionic liquids for metal extraction from chalcopyrite: solid, liquid and gas phase 
studies". 
 
In this work, we report an application of aqueous solutions of ionic liquids (ILs) based on imidazolium 
and ethylammonium cations, and hydrogensulfate, nitrate, acetate and dicyanamide anions in a 
complex study of leaching of Cu and Fe metals from naturally occurring chalcopyrite ore. This is the 
first study, to our knowledge, providing a systematic comparison of the leaching performance of ILs 
composed of different cations and anions, and without added oxidants such as ferric ions and 
dissolved oxygen. 
 
We characterised the liquid, solid and gas phases of the leaching systems and showed that the anion 
plays an important role in defining the leaching ability of ILs. Our results indicated that in neat IL 
aqueous solutions, without the addition of oxidants, the surface chemical reaction is the rate 
determining step. 
 
EDS/XPS spectroscopy was performed in combination with SEM imaging to study the evolution of the 
chalcopyrite surface upon leaching. Gas Chromatography coupled with Mass Spectroscopy was 
applied to investigate the evolution of species in the gas phase upon leaching, and novel dependencies 
between the evolution of gas species, formation of oxide layer and metal extraction efficiency were 
noticed and are summarised. 
 
Taken together, we feel that the work will have significant impact on the development of efficient 
solvent systems for metal extraction from copper and iron bearing ores. The obtained information on 
the solubility of Cu and Fe in ILs with different structures will be useful for the design of highly efficient 
IL solvents for chalcopyrite dissolution. The initial data obtained for solid and gas phase alterations 
upon leaching are essential for further investigation of the complete mechanism of chalcopyrite 
leaching in IL solutions. The discovered dependence between extinction coefficient of copper, ε(Cu), 
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and performance of the studied leaching systems is suggested to be used to predict extraction 
properties of lixiviant.  
 
Therefore this work carries not only fundamental information of the solubility of chalcopyrite in ILs, 
but also presents a further path to study the mechanism of this complex process. We commend this 
manuscript to you for publication in Physical Chemistry Chemical Physics and look forward to your 
response. 
 
Sincerely, 
 
Prof. Tom Welton 
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Ionic liquids for metal extraction from chalcopyrite: solid, liquid and gas phase studies 

O. Kuzmina,
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Non-oxidative leaching in ionic liquids revealed novel dependencies between the evolution of gas 

species, passivation layers and metal extraction efficiency. 
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Ionic liquids for metal extraction from chalcopyrite: solid, 
liquid and gas phase studies  

O. Kuzmina,
a* 

 E. Symianakis,
 a,b

 D. Godfrey,
 a 

 T. Albrecht
a 
 and T. Welton

a  

We studied leaching of Cu and Fe from naturally occurring chalcopyrite ore using aqueous solutions of ionic liquids based 

on imidazolium and ethylammonium cations and hydrogensulfate, nitrate, acetate and dicyanamide anions. Liquid, solid 

and gas phases of the leaching systems were characterised. We have shown that nonoxidative leaching in greatly 

dependant not only on temperature and pH, but on the anion species of IL. Solutions of 1-butylimidazolium hydrogen 

sulfate exhibited the best leaching performance among hydrogen sulphate ILs. We suggested that the formation of oxide 

layer in some ILs may be responsible for a reduced leaching ability. The analysis of the gas phase showed the production of 

CO2 and CS2 in all leached samples. Our results suggested that the CS2 produced upon leaching could be responsible for 

decreasing the sulfur, but not oxide, layer on the surface of chalcopyrite samples and therefore more efficient leaching. 

This is the first study, to our knowledge, providing a systematic comparison of the leaching performance of ILs composed 

of different anions and cations and without added oxidants. 

Introduction 

Ionic liquid (ILs)-based lixiviant systems may have interesting 

prospects towards the development of a more efficient and 

environmentally benign metal extraction methodology due to 

their “tunability”, chemical and physical properties, and hence 

careful optimisation of the various aspects of the complex 

leaching process. Chalcopyrite (CuFeS2) is one of the most 

abundant copper-bearing minerals, accounting for 

approximately 70 percent of the world’s known copper 

reserves.1 Currently, the extraction of copper from sulfidic ores 

of chalcopyrite involves subjecting the ores to a froth flotation 

operation that produces a concentrate of the valuable metal 

sulfides. The concentrate is then commonly smelted and 

electrorefined to produce copper metal.2  

Several leaching systems have been applied to extract metals 

from chalcopyrite with differing degrees of success. Such 

media include: acid-sulfate solutions,3–5 hydrochloric acid or 

hypochlorite solutions,6,7 commonly with the addition of 

thiourea,8 ferric species,9–12 nitro-compounds,13,14 peroxides5,15 

or potassium dichromate.16 A few examples of these methods 

as pilot-plant technologies, sometimes integrated with 

bioleaching17 or microwave irradiation18  are reviewed 

elsewhere.1,19 Leaching processes in hydrometallurgy involve 

the treatment of minerals, “concentrating”, in order to form a 

metal ion rich solution. One of the previously identified major 

challenges to leaching processes is how to overcome the 

passivating layer that forms on the mineral surface during 

leaching to make the process more efficient and separately, 

how to deal with excess production of sulfuric acid due to 

hydrolysis of ferric sulfate or elemental sulfur to reduce the 

hazard of the process.
20

 The reasons of passivation are under 

investigation and the origin and content of a passivation layer 

is a subject of discussion.  

To date, and to the authors’ knowledge, there are only three 

works published that apply ionic liquids to chalcopyrite 

leaching.
8,21,22

 Chalcopyrite concentrate (composition: Cu 

20.31%, Fe 34.06%,) has been studied in the ionic liquid 1-

butyl-3-methylimidazolium hydrogensulfate, [C4C1im][HSO4] 

with excess ferric sulphate.
8
 It was claimed that >60% Cu could 

be extracted from chalcopyrite concentrate at 343 K within 24 

h. This impressive result was exceeded further by the work of 

Dong et al.,
21

 who were able to leach 88% Cu and >60% of Fe 

in 24 h, from their chalcopyrite concentrate sample, using neat 

[C4C1im][HSO4](l) held at 343 K and oxygen partial pressure of 

17 kPa. These extraction values are comparable to reported for 

non-IL acidic leaching systems containing alcohol or acetone 

(up to 80% of were reported to be extracted Cu),
3,4

 peroxide 

(up to 55 % of Cu)
5
 or ferrous sulfate (up to 90 % of Cu).

10
 For 

comparison, neat aqueous solutions of sulfuric acid were 

reported to be able to leach up to 10 % of copper only.
3,4

 

While the acidity of the IL most certainly plays some role in the 

leaching process,
21

 IL-specific aspects may also be important 

and the actual mechanism of chalcopyrite leaching in ILs still 

requires further study. Studies to date have mainly focused on 

the leaching of chalcopyrite concentrates with 

hydrogensulfate-based IL solutions benefitted from extra 
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oxidants. Alkylimidazolium ILs with different anions have been 

studied for chalcopyrite leaching in combination with thiourea 

solution, however there is still no comparison of the leaching 

abilities of ILs alone.
8
 

Therefore, in this study we compare the leaching efficiency of 

ionic liquids with different combinations of cations and anions 

(imidazolium and ethylammonium cations and 

hydrogensulfate, dicyanamide, nitrite and acetate anions), and 

analyse the surface, liquid and gas phase composition. 

Aqueous solutions were used to reduce the viscosity and cost 

of the lixiviant. We present new insight into the passivation 

mechanism observed during the leaching of chalcopyrite with 

ionic liquid based solutions.  

Experimental 

Materials 

Naturally occurring chalcopyrite mineral was purchased from 

Alfa Aesar. The chalcopyrite samples were milled and sieved 

into a narrow size fraction (32-45 µm). Average 

CuFeS2 composition indicates a surface stoichiometry 

of Cu1Fe1S1.5 (see Table 1), which does suggest the presence of 

other minerals. According to the supplier pyrite (FeS2) content 

can reach up to 10 % of the chalcopyrite ore. The obtained 

mineral ratio indicates the presence of other copper and iron 

containing minerals, too. Silicate and trace metal impurities 

(such as Zn, Mg, Mn, Ca, Cl, K, Al, Ni) were found in all samples 

in varying quantities but were generally within 0-2 wt%.  

Large samples with dimensions of approximately 1.0 × 1.0 × 

0.4 cm (± 0.01 cm), ‘chalcopyrite macrosurfaces’, were used 

for XPS studies of the evolution of the chalcopyrite surface 

during leaching. 

Synthesis of ionic liquids.  

The ILs 1-butylimidazolium hydrogensulfate [HC4im][HSO4], 1-

butyl-3-methylimidazolium hydrogensulfate [C4C1im][HSO4], 

imidazolium hydrogensulfate [HHim][HSO4], ethylammonium 

hydrogensulfate [N0002][HSO4], 1-butyl-3-methylimidazolium 

dicyanamide [C4C1im][N(CN)2], 1-butylimidazolium nitrate 

[HC4im][NO3] and 1-butyl-3-methylimidazolium acetate 

[C4C1im][OAc] were synthesised according the methods 

described in the ESI, with their structures also shown in Fig. S1.  

Leaching experiments.  

All leaching experiments were conducted in 4 ml glass vials 

placed in a thermostatically controlled oil bath. Glass vials 

were sealed with a screw-on cap with a silicone membrane 

that allowed for oxygen exchange with the environment, but 

prevented water evaporation from the sample, so partial 

pressure of oxygen was 0.21 atm. Leaching temperatures 

ranged from 298 – 343 K, with magnetic stirring rates between 

0 – 1000 rpm. A pulp density of 50 g/L was utilised in our 

study. The IL concentration in water was varied from 0 – 80 

wt% (0 – 4.33 M for [HC4im][HSO4]).  

Table 1 Analysis of weight percentage ratio of chalcopyrite elements in commercially 

available sample by (EDS/EDX) and theoretical data of pure chalcopyrite CuFeS2. 

Stoichiometric ratio Cu Fe S 

Experimental, wt% 35.96 32.03 26.83 

Theoretical, wt% 30.43 34.94 34.63 

 

Leaching was performed for a minimum of 24 h and up to a 

week. After leaching, all samples were filtered with 0.2 µm 

hydrophilic syringe filters and analysis performed within 24 h. 

Analysis of leaching efficiency.  

Liquid phase analysis. 

 All analyses were performed at room temperature. The 

solution densities and pH were determined with an Anton-Paar 

DMA 38 density meter and Jenway 3510 pH-meter at 

atmospheric pressure and room temperature. Eh 

measurements were obtained using a integrated double 

junction electrode probe (InPro® 4800i; Mettler Toledo). The 

probe was calibrated using commercial Eh reference 

solutions (Mettler Toledo). Analogue measurements from this 

probe were fed into a control monitor setup (M800, Mettler 

Toledo) and further transmitted to PC via USB-enabled data 

acquisition modules (NI cDAQ 9174; NI 9203; National 

Instruments) with programmatic data logging using NI 

LabView®. UV-Vis spectra were recorded on a Perkin Elmer 

Lambda 25 UV/Vis spectrometer, the thermostabilised 

chamber set at 298 K. Filtered leachates were analysed by 

inductively coupled plasma optical emission spectrometry (ICP-

OES) (Perkin Elmer Optima 2000DV) to determine the 

concentration of copper and iron extracted from the 

chalcopyrite samples (detection limit of 0.003 mg/L for both 

metals, according to the instrument's specification). Nuclear 

magnetic resonance spectra (NMR) were recorded with Bruker 

Avance II 400MHz spectrometer. Time-of-Flight Liquid 

Secondary Ion Mass Spectrometry (ToF-SIMS) was used to 

obtain mass spectra (MS) with Micromass Autospec 

Premier/Agilent HP6890 GC.  

Investigating the presence of N-heterocyclic carbenes: 

powdered CuFeS2 (100 mg; 38 ≤ x ≤ 75 μm) was added to 

[HC4im][HSO4]aq (4 mL; 450 mmol∙dm
-3

, containing benzylazide 

and phenylacetylene (30 mmol∙dm
-3

; 1 equiv. [each]).  The 

reaction mixture was allowed to stir for 10 days, then filtered 

and analysed by NMR and MS. 
Surface analysis.  

Energy Dispersive X-ray Spectroscopy (EDS/EDX) was 

performed in combination with SEM imaging (JSM 6400, Jeol, 

20keV) to obtain surface elemental analysis of the CuFeS2 

milled particles and macrosurfaces, before and after leaching. 

Each sample was mounted on carbon adhesive tape, prior to 

insertion into the imaging chamber (ultra-high vacuum 

pressure), therefore carbon elemental quantification was 

ignored. The macrosurface of naturally occurring chalcopyrite 

samples with dimensions of approx. 1.0 × 1.0 × 0.4 cm after 

cleavage and after leaching in [HC4im][HSO4] or [N0002][HSO4] 

ionic liquid (0.45 M) aqueous solutions at 343 K with the 

stirring speed of 500 rpm for time periods of 8 days have been 
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characterised by X-ray Photoelectron Spectroscopy (XPS) (AXIS 

Ultra
DLD

 Kratos Analytical). A monochromatic aluminium 

source (Al Kα = 1486.6 eV) was used for excitation. The 

analyser was operated at constant pass energy of 40 eV using 

an analysis area of approximately 700 µm × 300 µm. Charge 

compensation was applied to minimise charging effects 

occurring during the analysis and pressure was in the 10
-10

 

mbar range during the experiments. Quantification and 

simulation of the experimental photopeaks was carried out 

using CasaXPS and XPSPEAK41 software with the application of 

non-linear Shirley background subtraction. 
Gas phase analysis.  

Gas Chromatography – Mass Spectroscopy (GC-MS) analysis 

was performed on a Thermo Scientific GC system TR-5MS 

connected to a Thermo Scientific Autosampler, utilising a 

head-space injector coupled with an ISQ single quadrupole 

mass spectrometer with an electron impact ionisation volume 

and helium as a mobile phase with a flow rate 1.2 mL/min. 

Electron impact ionization energy was 70 eV, ion source 

temperature 200°C, and MS quadrupole temperature 200°C.  

Results and discussion 

Dissolution study of chalcopyrite in [HC4im][HSO4].  

Optimal stirring rate for our setup was chosen as 500 rpm as 

higher stirring was found not to significantly improve leaching 

efficiency, instead returning a wider deviation of leaching data 

(Fig. S2). Our results are in agreement with the literature 

data.
21

 After setting a stirring rate to 500rpm, temperature, IL 

concentration and leaching time were chosen as the variable 

factors affecting leaching efficiency.  

Effect of IL concentration.  

Having investigated the effect of stirring, temperature and 

leaching time (see above and ESI), an IL concentration range of 

0 to 80 wt% was studied to explore the dissolution behaviour 

of chalcopyrite in [HC4im][HSO4]. Extracted Cu and Fe 

concentrations, determined by ICP-AES, were found to be 

much lower than those reported for chalcopyrite concentrate 

leaching in other alkylimidazolium hydrogensulfate ionic liquid 

solutions.
8,21

 In contrast to near complete extraction in these 

previous studies at 298 K, with neat aqueous IL solutions we 

extracted less than 1.5% of copper and less than 7% of iron 

under similar conditions, while the maximum leached copper 

observed was 4% of copper, and 8% of iron after 7 days of 

leaching with the studied IL concentrations, even at elevated 

temperatures of 343 K. The Cu and Fe extraction performance 

of the ILaq solutions increased with increasing IL concentration 

up to 10 wt%, with minimal effect of further increase in [IL] (up 

to 80 wt%), Fig. 1.  

The reason behind such a difference in IL performance appears 

to be the addition on ferric sulfate in one case
8
 and controlling 

of oxygen pressure in the other.
21

 In this work we are following 

the same procedures for chalcopyrite leaching and leachate 

analysis as described
21,23

 to determine the efficiency of neat 

aqueous solutions of  ionic liquids for leaching of metals from 

the ore without the addition of oxidants.  

  

Effect of temperature and leaching time.  

Our results (Fig. 2) showed that the increase of temperature 

resulted in improved leaching. In the case of 0.45 M 

[C4C1im][HSO4], a temperature increase from 298 K to 363 K 

(Fig. 2) resulted in a doubling of Cu extraction after 24 h of and 

three times higher extractions of Cu after 4 weeks of leaching 

(672 h). Despite the quantitative difference this trend is in 

agreement with literature data that also reported a significant 

increase in Cu leaching efficiency from chalcopyrite 

concentrate with 0.9 M solution of [C4C1im][HSO4] between 

the temperatures of 333 to 343 K.
21

  In comparison, the 

change in temperature had a lesser impact on iron extraction, 

with leaching efficiencies increasing in 1.5 times within 4 

weeks with the same temperature change. 

Metal extraction data at 298, 313, 333, 343 and 363 K over 

Fig. 1 Amount of leached copper (open symbols) and iron (closed 

symbols) after 7 days of chalcopyrite leaching with different 

concentrations of [HC4im][HSO4]aq at 298 K. 

Fig. 2 Evolution of iron (top) and copper (bottom) from chalcopyrite at 

different temperatures (K) upon leaching with 0.45 M of [HC4im][HSO4]aq. 
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time were used to describe the kinetics of CuFeS2 leaching in 

0.45 M [HC4im][HSO4]aq. We applied the shrinking core model 

which has been widely used to describe chalcopyrite leaching 

in acidic systems in the past
7,24

 and compared with Avrami 

equation and “time to a given fraction” model.
25

 It allowed the 

description of the kinetics of chalcopyrite leaching and 

elucidation of the initial rate determining step, which helps to 

understand the chemistry of chalcopyrite dissolution. The 

corresponding shrinking core model rate equation is modified 

depending on the rate determining step and can be generally 

divided to model equations for rate controlled by a surface 

chemical reaction kt=[1 - (1 - a)
1/3

] and rate controlled by mass 

transport through a product layer kt=[1-2/3a-(1-a)
2/3

], where 

“a” is the mole fraction of CuFeS2 dissolved at time t with rate 

constant k.
7,24

 Unlike all previous works
26

 we calculated both 

Cu and Fe dissolution rates. Linear regions of the graphs were 

used for modelling and calculation of initial reaction rates and 

the corresponding graphs are presented in ESI, Fig. S3.    

Regression coefficients (R
2
) for the fitting of both Cu and Fe 

extraction curves were found and the reaction rates from the 

best fitted models were used to determine the activation 

energy of leaching (Ea). As shown in ESI, Fig. S3, initial reaction 

rates of Cu leaching are fitted well using shrinking core model, 

via the surface chemical reaction, while the kinetics of Fe 

leaching can be described by both its constituents - surface 

chemical reaction and diffusion through the product layer. 

Previously it was shown that the kinetics of chalcopyrite 

dissolution in aqueous acidic media including containing IL is 

determined by the diffusion of the lixiviant or oxidant through 

the surface layer.
21,27

 Our results indicated that in neat IL 

aqueous solution without the addition of oxidants the surface 

chemical reaction is a rate determining step. 

  The activation energy of the CuFeS2 dissolution can be 

determined from the Arrhenius plot (Fig. S4), where natural 

logarithms of apparent rate constants obtained from the best 

fit models were plotted versus the inverse temperature. Ea 

values were found to be 18.4 kJ mol
-1

 for Cu and 7.7 kJ mol
-1

 

for Fe. However, the complexity of the chalcopyrite dissolution 

process means that the Ea obtained from modelling is an 

“effective” activation energy, produced from a combination of 

several reactions taking place upon the mineral dissolution. 

The activation energy values found in this work for Cu leaching 

by [HC4im][HSO4]  are a bit smaller than 69.4 kJ/mol reported 

for [C4C1im][HSO4]
21

 and similar to reported values for other 

systems 15-95 kJ mol
-1

.
7,26,27

 

Influence of the cation on leaching in hydrogensulfate ILs.  

Using the optimised set of parameters, reported highly 

efficient [C4C1im][HSO4]
8,21

 and other imidazolium based 

hydrogensulfate ILs were tested along with [N0002][HSO4] as 

leaching solutions for chalcopyrite.  

The data presented in Table 2 represents the amount of Cu 

and Fe extracted after 24 h of leaching in 0.45 M solutions of 

these ILs at 343 K with stirring at 500 rpm.  

Table 2 Copper and iron leached after 24 h of leaching in selected ILsaq at 343 K. 

Mono-substituted (protic) imidazolium ILs clearly 

outperformed di-protic and di-alkyl substituted ILs in terms of 

Cu recovery. [HHim][HSO4]aq showed the lowest extraction of 

Fe among the studied hydrogensulfate ILs, but comparable 

high Cu extraction. [C4C1im][HSO4]aq and [N0002][HSO4]aq both 

showed quite low extraction of Cu and Fe. The amount of 

copper and iron extracted by ionic liquids was significantly 

higher than equivalent extraction in 0.075 M H2SO4aq used in 

this study as a reference solution, on account of equivalent pH 

values (Fig. S5). 

Studied leachate systems did not contain added oxidants and 

therefore are approached as nonoxidative chalcopyrite 

dissolution.  It was showed that nonoxidative chalcopyrite 

leaching depends on temperature and pH of the leachate 

only.
26

  The pH of 0.45 M aqueous solutions of hydrogensulfate 

ILs are varied within 0.84-0.98 and depend on the structure of 

the cation and the strength of cation-anion association.
28

 

0.45M [HC4im][HSO4]aq with pH 0.95 showed the best leaching, 

while 0.45 M [C4C1im][HSO4]aq and 0.45 M [N0002][HSO4]aq with 

pH 0.91 and 0.98 respectively showed the worst. 

[HHim][HSO4]aq with lowest pH showed moderate extraction of 

Cu and low extraction of Fe. Therefore, the leaching 

performance of ILs lixiviants at pH 0.84-0.98 should be 

attributed to additional effects of ILs.  

The values of redox potential (Eh) of the 0.45 M ionic liquid 

solutions reported in Table 2 were comparable to the 0.075 M 

H2SO4. The values obtained for [C4C1im][HSO4]aq agrees with 

those reported earlier for similar concentrations.
21

  

Initial visual inspection of the raw Eh curves (ESI Fig. S6, Table 

3) recorded for CuFeS2 leaching in 0.075M H2SO4 and 0.45M 

[HC4im][HSO4] reveals similar features; firstly, a significant 

decrease in Eh (ΔEh<0), which occurs moments after addition of 

CuFeS2(s) powder and, secondly, an increase in potential over 

time (ΔEh>0), with a rate of increase that gradually decays, 

appearing to converge to a potential asymptote (Eh,∞) at 

prolonged leach durations.  

Anion role in leaching of chalcopyrite in ILs.  

To compare the leaching ability of ILs with other anions, 1-

methyl-3-butylimidazolium acetate [C4C1im][OAc], 

dicyanamide [C4C1im][N(CN)2] and butylimidazolium nitrate 

[HC4im][NO3] were chosen (Table 4).  It is known that CuFeS2 is 

soluble in nitric acid,
29,30

 which inspired the study of the NO3
-
-

based imidazolium systems. The dicyanamide IL is known for 

its leaching performance toward Au from gold ores
9
 and 

toward Cu when combined with thiourea solution.
8
 Acetate ILs 

are widely used for other applications such as biomass 

Lixiviant,  

0.45 M 

pH  

(±0.05) 

Eh, V  

(±0.04) 

[Fe], % [Cu], % 

 [HHim][HSO4]aq 0.84 0.68 3.1±0.5 1.7±0.4 

 [HC4im][HSO4]aq 0.95 0.73 4.8±0.6 1.8±0.2 

[C4C1im][HSO4]aq 0.91 0.72 3.8±1.0 0.7±0.4 

[N0002][HSO4]aq 0.98 0.73 3.5±0.7 0.9±0.0 

0.075 M H2SO4aq 1.00 0.70 1.9±0.3 0.2±0.1 
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processing
31

 and therefore were chosen to be compared in this study among other IL solutions.

Table 3 Solution redox potential change during 500h leaching 

Leachate Neat medium Eh, 

V 

Eh, min, V 

(t ≈ 0 h) 

Eh, V 

(t = 500 h) 

Potential Drop 

(ΔE<0) 

Potential Rise 

(ΔE>0) 

Eh, ∞, V 

(t = ∞) 

0.75M H2SO4aq 0.70±0.04 0.49±0.03 0.56±0.03 0.21 0.07 0.57±0.03 

0.45M [C4Him][HSO4]aq 0.73±0.04 0.52±0.02 0.57±0.02 0.22 0.06 0.60±0.02 

 

Aqueous [C4C1im][OAc] (0.45 M) was found to be a non-

leaching solvent for chalcopyrite as no detectable amount of 

Cu and Fe were found after 24 h of leaching at 343 K. [C4C-

1im][N(CN)2] solution was found to be extremely poor leaching 

agent with traces of Cu and no Fe being detected in the 

leachates after 24 h of leaching at 343 K (Table 4). Aqueous 

[HC4im][NO3] (0.45 M) showed a leaching ability towards Cu 

close to those of [HSO4]
-
aq solutions, but lower leaching ability 

toward Fe. Solutions containing [OAc]
-
, [N(CN)2]

-
 and [NO3]

-
 are 

more basic than [HSO4]
-
- containing media (Table 4). Despite 

we have previously shown that there is no direct correlation 

between leaching and pH at the values 0.84-0.98 in ILs, poor 

leaching at higher pH confirms pH dependant leaching 

inherent to the nonoxidative systems.
26

  

To investigate the role of pH with the same anion species in 

chalcopyrite leaching, NaN(CN)2/HNO3 and HNO3 were added 

to 0.45 M aqueous [C4C1im][N(CN)2] and [HC4im][NO3] 

solutions respectively to adjust the original pH values to 0.95. 

This dramatically improved the leaching ability of [HC4im][NO3] 

towards Cu, but did not affect the leaching in the 

[C4C1im][N(CN)2] solution, as can be seen from Table 4. The 

initial 0.45 M solution of [C4C1im][N(CN)2] was able to leach 

only trace amount of Cu and no Fe at all. The same solution 

with an adjusted pH of 0.95 leached even less Cu but 

additionally some traces of Fe. In contrast, a pH-adjusted 

solution of [HC4im][NO3] leached 8.1% of Cu which is 10 times 

more than at its original pH 2.03. The decrease in pH of the 

nitrate IL solution however did not affect the leaching 

efficiency towards Fe. This observation confirms the IL-specific 

mechanism of leaching in combination with the dependence 

on the pH values of the solution. Throughout the range of IL 

solutions studied, variation of the cation was significantly less 

influential on metal recovery than the variation of the anion. 

During our study we have noticed, that the characteristic UV 

peak of Cu
2+

 was changing its position depending on the used 

solvent system. As can be seen from the Table 5, it was found 

that ILs with an [HSO4]
-
 anion have similar values of the 

extinction coefficient, εεεε, close to that of 0.075 M H2SO4 

(11.13±0.17 M
−1

cm
−1

).  They were compared to the values of 

the extinction coefficient of dicyanamide ILaq (27.10 M
−1

cm
−1

), 

nitrate ILaq (11.78 M
−1

cm
−1

) and acetate ILaq (27.85 M
−1

cm
−1

). 

From these observations we can conclude that the extinction 

coefficient, εεεε, is mainly affected by the anion rather than by 

the cation of the ionic liquid which is understandable 

considering the positive charge on Cu. Moreover, a correlation 

between εεεε and leaching ability of the used solvent was found.  

Thus, 0.45 M aqueous [HC4im][NO3] performing similarly to 

hydrogensulfate ILs solutions possesses also εεεε similar to theirs.  

However, when the pH of nitrate solutions is lowered to 0.95, 

the extinction coefficient also decreases to the value 

comparable to [Cu
2+

] in water and its leaching ability 

dramatically increases. Such a change does not occur when pH 

is adjusted for dicyanamide IL, its extinction coefficient slightly 

increased when the pH was lowered and the leaching ability of 

this solvent remains poor. Therefore, low pH does not 

guarantee efficient leaching in IL systems. It is known that low 

pH of leaching solutions promotes the leaching of Fe, which is 

regarded to catalyse the leaching of Cu.
10

 However, our results 

in liquid phase study suggested that the IL-based leaching 

mechanism is not limited to this step and IL solutions can leach 

Cu independently of Fe extraction. This is a very promising 

observation, signifying the correlation between lixiviant 

activity and εεεε - thus suggesting the use of  εεεε to predict the 

extracting properties of IL solutions. This requires additional 

study and is beyond the scope of this work. 

To summarise, the overall tendency is that the most efficient 

leaching is found to occur at elevated temperature, 343 K, with 

moderate stirring of leaching solution (500 rpm) and at 

concentrations of at least 0.45 M (10 wt%) [HC4im][HSO4].  

Surface study of chalcopyrite leaching.  

In XPS analysis the raw position of the C1s peak of the carbon 

appears in different positions in various stages of leaching 

perhaps due to the accumulation of electrons on the surface,
14

 

therefore the surface Cu2p peaks were used as a reference.  

The position of the Cu2p
3/2

 peak that originates from the 

stoichiometric Cu of CuFeS2 was found consistently at 931.8 

±0.1 eV (Fig. S7), and in agreement with previous works is a 

reliable reference.
32

 Table S1 presents the C1s, Cu2p
3/2 

and 

Cu2p
1/2 

binding energies as obtained after the charge 

correction. 
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Table 4 The amount of copper and iron extracted from chalcopyrite after 24 h of leaching in 0.45 M ILsaq at 343 K. 

Lixiviant, 0.45 M pH (± 0.05) Extracted [Fe], % Extracted [Cu], % 

[C4C1im][HSO4]aq 0.91 3.8±1.0 0.7±0.3 

[HC4im ][HSO4]aq 0.95 4.8±0.6 1.8±0.2 

[C4C1im][OAc]aq 7.41 - - 

[HC4im][NO3]aq 2.03 0.8±0.1 0.8±0.2 

[HC4im][NO3]aq buffered 0.95 0.7±0.3 8.1±0.7 

[C4C1im][N(CN)2]aq 14.00 - (2.0±0.0) x 10-3 

[C4C1im][N(CN)2]aq buffered 0.95 (0.7±0.0) x 10-3 (0.7±0.0) x 10-3 

- no elements detected 

Table 5 Extinction coefficients of copper in different solvating media. 

A complex spectral waveform in the S2p region of cleaved 

CuFeS2, has been previously attributed to naturally occurring 

high-quality single and poly-crystalline CuFeS2 grains14 and is 

recognised as the most useful region for the characterisation 

of chalcopyrite samples.33–35 

The deconvoluted spectra in the S2p region are shown in Fig. S8 

and S9 and resultant comparison of cleaved and leached 

surfaces are summarised in Table 6. Apart from the common 

chalcopyrite peaks reported in the literature (1-3), one 

additional peak (4) was found at 162.9 ± 0.2 eV and this peak is 

commonly attributed to S0 that originates either from 

elemental sulfur or is hypothesised to be the central atoms of 

long chain polysulfides, both eventualities are commonly 

reported to result from leaching.27,33,35  

The surface compositions of the leached samples have 

changed after the leaching, as expected. An additional peak 

was found in the spectrum of samples leached in 

[HC4im][HSO4] solution at 163.8 ± 0.1 eV, which is normally 

reported for polysulfide species.32,33 However, the spectrum of 

the sample leached in the [N0002][HSO4] solution showed 

another peak at a binding energy of 163.4 eV while the 

component at 162.9 eV was no longer observed.  

The peak at 163.4 ± 0.1 eV being between the values of 162.9 

and 163.9 and could be interpreted as being related to 

polysulfides. Such a peak has also been reported to result from 

leaching of pyrrhotite (Fe7S8) due to metal deficient surfaces 
36

 

The presence of additional disulfides and polysulfides indicates 

moderate surface oxidation.
33

 The used samples were 

naturally occurring ore with both granular and layered 

composition in an unknown configuration therefore the 

quantification of the identified sulphur species was impossible. 

The quantification would require leaching to be performed on 

synthetic chalcopyrite single crystals, the synthesis of which is 

outside of the scope of this work. Sulfur layers formation was 

already described by others
37,38

 and its passivation effect is a 

matter of debates.
39

  

Separately, the deconvolution of the Fe contributions from the 

Fe2p region of the spectra was not possible due to their 

complexity (Fig. S10.).  

The spectra of the O1s region for leached and cleaved samples 

are presented in Fig. S11 and show how exactly different ILs 

resulted in the formation of an oxide layer on the chalcopyrite 

surface. Binding energies of the discussed O1s region together 

with corresponding references are presented in Table S3 of 

supplementary materials.  An estimation of the amount of 

oxygen at the surface of the leached and cleaved chalcopyrite 

is possible by evaluation of O1s/S2p intensities ratio for the 

studied surfaces. The comparison of the O1s/S2p intensities 

ratios suggested that the surface leached by 0.45 M aqueous 

[N0002][HSO4] solution has a considerably higher O1s/S2p (0.71 

arbitrary units (a.u.)) than that for the sample leached by 0.45 

M aqueous [HC4im][HSO4] solution (0.37 a.u.) and the 

untreated cleaved sample (0.42 a.u.) which correlates to the 

leaching efficiency of these ILaq towards Cu (0.9% and 1.8 % 

respectively) and Fe (3.5% and 4.8% respectively). These 

results suggested that an oxide layer is built up at the 

chalcopyrite surface upon leaching in the [N0002][HSO4] 

solution which could act as a passivating layer limiting the 

leaching.

Cu2+ containing medium pH (± 

0.05) 

λmax, nm ε, M−1cm−1 

Water 5.00 808 9.80 

0.075 M H2SO4 1.00  807 10.91 

0.45 M [HHim][HSO4] 0.84 807 11.07 

0.45 M [HC4im][HSO4] 0.95 810 11.24 

0.45 M [C4C1im][HSO4] 0.91 808 11.30 

0.45 M [HC4im][NO3] 2.03 803 11.78 

0.45 M [HC4im][NO3] buffered 0.95 804 9.83 

0.45 M [C4C1im][N(CN)2] 14.00 773 27.10 

0.45 M [C4C1im][N(CN)2] 

buffered 

0.95 773 29.30 

0.45 M [C4C1im][OAc] 7.41 743 27.85 
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Table 6 Comparison of the peaks of the S2p chalcopyrite region before and after leaching. 

Surface sulfur species 
 Binding energies of deconvoluted peaks of CuFeS2 S2p region, eV 

 Cleaved Leached with [HC4im][HSO4]aq Leached with [N0002][HSO4]aq 

Stoichiometric S2p 32,40  161.3 161.3 161.3 

Surface disulfides 32,33,41  161.9 161.9 161.9 

Satelite peak of disulfides 34,35  164.4 164.4 164.4 

Polysulfides/S0 27,33,35    162.9 162.9/163.8 163.4 

 

  

In contrast, surfaces leached in [HC4im][HSO4]aq possess an 

O1s/S2p intensity ratio comparable to that of the cleaved 

surface and Cu and Fe extraction is higher in this solution. 

Overall, this finding could give tentative indications that oxide 

species are also involved in widely studied passivation effects. 

All the sulfur species found on the characterised surfaces were 

previously reported as common for chalcopyrite leaching, 

however the notably different S2p spectra and quantitative 

difference in O1s surface concentrations suggested altered 

leaching mechanisms between IL solutions which give rise to 

different chalcopyrite surface evolution depending on ILaq 

lixiviant solutions.  

Gas phase study and mechanistic considerations.  

GC-MS experiments were used to study the composition of the 

gas phase above ILaq and H2SO4aq lixiviant solutions after 

leaching of CuFeS2. Solutions without chalcopyrite after the 

same thermal treatment as during the leaching, were used as 

“blank” reference data to the compositions revealed after 

leaching. 

All “blank” samples contained only carbon monoxide/nitrogen 

profile and water vapours in addition to atmospheric gases.  

Table 7 showed the gas composition of samples after leaching. 

A few GC-MS peaks, mainly at short retention times, were 

observed for all samples – before and after leaching. It is worth 

noting that the observed peak at retention times 1.26 – 1.39 

can be attributed to both, CO(g) and N2(g). These gases generate 

a unique ES mass spectrum and co-elute under one peak 

producing a combined EI mass spectrum for both. This CO/N2 

profile was detected in the reference samples (neat leaching 

solutions without addition of CuFeS2), but was not detected 

after leaching in any media. The foul “ether-like” odours of 

species such as CS2(g) and H2S(g) have been remarked upon by 

other researchers.17 We have found no traces of H2S in the 

studied samples. However, [CS2](g), which was not present in 

reference samples, was found to evolve continuously over 7 

days of leaching (Figure 3) and was promoted by heating from 

8.9x107 a.u. (at 298 K) to 3.6x109 a.u. (at 343 K).  

It was also found that no compositional differences in gas 

phases were observed when using freshly milled or air exposed 

CuFeS2(s). Data confirmed the evolution of CO2(g) and CS2(g) 

during leaching with the studied hydrogensulfate ionic liquids 

([HC4im][HSO4], [N0002][HSO4], [HHim][HSO4])  and sulfuric acid. 

Therefore, the production of these gases must be taken into 

consideration when leaching mechanisms are proposed.  

Previously accepted acid-sulfate mechanisms (1-3)  notably do 

not consider any of the gaseous compounds detected in this 

study.
2
 

 ������ � 4	


� �� → 2�

�
� ��

�

� 2��

�

�

2	��  

(1) 

 4��
2�
� 4	

�
� �2 → 4��

3�
� 2	2� (2) 

 ������ � 4��
�
 → 2�� � 5���
 � ���
 (3) 

To the best of our knowledge, the formation of carbon dioxide 

and carbon disulphide was never considered before in the 

present context. The presence of CS2 in the leachates could be 

justified by the formation of N-heterocyclic carbenes upon 

chalcopyrite dissolution. It is known that carbenes can form 

upon the dissolution of metal oxides in imidazolium ionic 

liquids
42

 and that imidazolium dithiocarboxylates can act as 

precursors for N-heterocyclic carbenes.
43

 Hence, an 

experiment was undertaken to test for the presence of N-

heterocyclic carbenes as an intermediate in an ILaq-based 

leaching mechanism: kinetically slow in ambient, uncatalysed 

conditions [3+2] cycloaddition of benzylazide and 

phenylacetylene is catalysed by Cu(I)-carbene species, which 

may be formed via deprotonation at the imidazolium C2 

position. However, no evidence was found to suggest that any 

cyclised product had formed in the presence of IL leachates 

(see Figure S10-S12 for the reaction scheme and spectra). The 

presence of carbon and oxygen in the chalcopyrite, and 

formation of CS2 and CO2 in the gas phase during leaching, is 

reminiscent of a Stock-like reaction mechanism (4).
44,45

 

2�� � �� → 2��� → ��� � ��� (4) 

  

This would correlate with our GC-MS data on the presence of 

CO in blank samples, and the CO2/CS2 mixture after leaching. 

However, the Stock reaction requires extreme temperatures of 

about 773 K, which is far above our leaching temperatures.  
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Table 7 Compositional analysis of gas phase of samples leached during 7 days at 343 K in a.u. 

Species 0.45 M [HC4im][HSO4] 0.45 M [N0002][HSO4] 0.45 M [HHim][HSO4] 0.075 M H2SO4 

CO2 5.37 x 109 1.30 x 109 0.97 x 109 1.03 x 109 

CS2 3.58 x 109 5.29 x 109 5.78 x 109 1.39 x 107 

 

It is possible that chalcopyrite leaching creates conditions 

favourable for conversion of CO to CO2 and CS2, especially 

since carbon and oxygen were both found at the surface of 

chalcopyrite, and elemental sulfur is reportedly produced 

during leaching.
17

 As COS was not found in our samples, we 

are unable to confirm this hypothesis at present, and further 

study is required. It is worth noting the correlation of CS2 

concentration of ILsaq and H2SO4aq samples and their leaching 

efficiencies. The gas phase of leached samples in 

hydrogensulfate IL solutions contains 10
2
 a.u. more CS2 than in 

the gas phase of H2SO4aq samples. These IL solutions 

significantly outperform the leaching of sulfuric acid of similar 

pH (Table 3).  It is known that liquid CS2 has been implicated in 

the dissolution of the elemental sulfur layer that reportedly 

passivates the surface to further leaching action.
46

 Therefore, a 

hypothesis can be made that CS2 produced during the leaching 

in ILaq enhanced the dissolution of chalcopyrite by dissolution 

of surface sulfur layer, and the low concentration of this gas in 

H2SO4 samples resulted in the lower leaching ability of this 

lixiviant. On the other hand, despite the presence of CS2 gas in 

the [N0002][HSO4] sample in concentrations similar to these in 

imidazolium ILs, this IL solution has lower concentration of CO2 

in the gas phase, which correlates to the higher surface oxide 

layer found by XPS, and the low leaching ability among studied 

hydrogensulfate IL solutions.  

Despite the observed correlation between the concentration 

of CS2 and CO2 gas and leaching efficiencies, the causal 

relationships in leaching mechanisms are still unclear and 

further studies are required to gain a greater understanding of 

the whole leaching mechanism.  

Conclusions  

A comprehensive liquid-solid-gas study of chalcopyrite 

dissolution in ionic liquids is presented. We have established 

that leaching of chalcopyrite in ionic liquids is a complex 

process, defined by many factors and primarily affected by the 

nature of the IL anion. Leaching is also affected by the 

structure of the IL’s cation, with 1-alkyl substituted (protic) 

imidazolium ILs outperforming all other studied cations. The 

dependence of leaching on pH typical for the nonoxidative 

chalcopyrite leaching was confirmed within the pH of 0.84-

12.00 with more efficient leaching taking place at the low pH 

of 0.84-0.98. Separately the lowering of pH improved leaching 

of nitrate ILaq but not dicyanamide ILaq. This suggested that 

structural specifics of the ILaq systems is another major factor 

determining their leaching ability.  

The initial extraction rates for both metals were modelled, 

surface chemical reaction was concluded to be a rate 

determining step and activation energies 18.4 kJ mol
-1

 for Cu 

and 7.7 kJ mol-1 for Fe were found. We suggested the use of 

εεεε(Cu) to predict the extracting properties of IL solutions. This, 

however, requires additional insight and deeper investigation. 

Solid state analysis has shown that sulphide and polysulfide 

species are formed upon leaching in all studied samples, 

however the oxide layer was formed in 0.45 M aqueous 

[N0002][HSO4] only. The presence of an oxide layer could be 

responsible for the two times less Cu and 1.4 times less Fe 

leached by the [N0002][HSO4] leaching system in comparison to 

[HC4im][HSO4]. Carbon dioxide and carbon disulfide are 

formed during the leaching and their concentrations correlates 

well to the leaching efficiency of the studied solutions. We can 

hypothesise that CS2 is responsible for the removal of 

elemental surface sulfur (but probably not surface oxides) 

which forms during chalcopyrite leaching, enhancing 

chalcopyrite dissolution in aqueous [HC4im][HSO4] in 

comparison to aqueous [N0002][HSO4] and the reference 0.075 

M H2SO4.  

Generally, this study evidences the presence of IL-specific 

leaching mechanisms, which are different from those already 

known and reported. Perhaps deeper insight into the surface 

and gas phase variations upon leaching with other ILs solution 

will provide better understanding of the general IL leaching 

mechanism. 
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1. Synthesis of ionic liquids 

The ionic liquids 1-butylimidazolium hydrogensulfate [HC4im][HSO4], 1-butyl-3-
methylimidazolium hydrogensulfate [C4C1im][HSO4], 1-H-imidazolium hydrogensulfate [HHim][HSO4], 
ethylammonium hydrogensulfate [N0002][HSO4] and 1-butyl-3-methylimidazolium dicyanamide 
[C4C1im][N(CN)2] were synthesised and purified following the synthetic methods below: 

Imidazolium hydrogensulfate [HHim][HSO4]: 
Sulfuric acid (95 %, 1 equiv.) was added to an aqueous solution of recrystallized imidazole (1 

equiv.) under N2(g) at 0 °C.   The resulting mixture was stirred overnight and the water evaporated on a 
rotary evaporator, and the IL dried in vacuo. IL purity and cation:anion ratio was checked by NMR (400 
MHz, Bruker) and hygroscopic water uptake was checked prior to use using Karl-Fischer titration 
(TitroLine 7500 KF Titrator, Lab Synergy).   

 
H (400 MHz, DMSO-d6): 9.04 (1H, s, C2H), 7.74 (1H, d, C4H), 7.63 (1H, d, C5H) ppm. 
C (100 MHz; DMSO-d6): 136.83 (C2), 123.65 (C4), 121.98 (C5) ppm. 
 
 
1-butylimidazolium hydrogensulfate [HC4im][HSO4]: 
As for [HHim][HSO4], but using an aqueous solution of freshly dried and distilled 1-

butylimidazole. 
 
H (400 MHz; DMSO-d6): 8.66 (1H, s, C2H), 7.60(1H, s, C4H), 7.43(1H, s, C5H), 4.12 (2H, t, NCH2), 

1.75 (2H, m, NCH2CH2), 1.25 (2H, m, NCH2CH2CH2) and 0.89 (3H, t, NCH2CH2CH2CH3) ppm. 
C (100 MHz; DMSO-d6): 136.33 (C2), 123.05 (C4), 121.58 (C5), 47.86 (NCH2), 32.26 (NCH2CH2), 

19.38 (NCH2CH2CH2) and 13.76 (NCH2CH2CH2CH3) ppm. 
 
1-butyl-3-methylimidazolium hydrogensulfate [C4C1im][HSO4]: 
 
The synthesis of [C4C1im][HSO4] involved two steps: 
1. Synthesis of 1-Butyl-3-Methylimidazolium Methyl Sulfate, [C4C1im][CH3OSO3] 

(CH3)2SO4 (1 equiv.) was then added dropwise into 1-butylimidazole (1 equiv.) solution in toluene. 
This resulted bottom layer, containing the formed ionic liquid [C4C1im][CH3OSO3], was washed with 
toluene. The excess toluene was removed from the ionic liquid by rotary evaporation. The ionic liquid 
was then dried at 50 °C in vacuo overnight. 

2. Synthesis of [C4C1im][HSO4] 
[C4C1im][CH3OSO3] was mixed with distilled water and a few drops of H2SO4 catalyst was added 

into the solution. The mixture was heated to 170 °C and distilled water was constantly added dropwise 
into the mixture for 3 h. Then the mixture was cooled to room temperature and flushed through a C-
18 purification column. The excess water was removed from the ionic liquid by rotary evaporation. The 
ionic liquid was dried at 50 °C in vacuo overnight. 
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H (400 MHz; DMSO-d6): 9.22 (1H, s, HSO4), 9.01 (1H, s, C2H) 7.82 (1H, s, C5H), 7.74 (1H, s, C4H), 
4.18 (2H, t, NCH2), 3.87 (3H, s, NCH3), 2.34 (3H, s, H3CSO3), 1.73 (2H, m, NCH2CH2), 1.20 (2H, m, 
N(CH2)2CH2) and 0.82 (3H, t, N(CH2)3CH3) ppm. 

C (100 MHz; DMSO-d6): 137.18 (C2), 123.98 (C4), 122.74 (C5), 48.84 (NCH2), 36.06 (NCH3), 31.88 
(NCH2CH2), 19.16 (N(CH2)2CH2) and 13.64 (N(CH2)3CH3) ppm. 

 
Ethylammonium hydrogensulfate [N0002][HSO4] 
As for [HHim][HSO4], but using aqueous solution of ethylamine. 
 
H (400 MHz; DMSO-d6): 10.69 (1H, s, HSO4), 7.64 (3H, t, NH3), 2.80 (2H, m, CH2), 1.12 (3H, t, 

CH3) ppm. 
C (100 MHz; DMSO-d6): 36.12 (CH2), 12.4 (CH3) ppm. 
 
1-butyl-3-methylimidazolium dicyanamide [C4C1im][N(CN)2]: 
 
From Prof. Welton group stock, synthesised according to protocol.1 
H (400 MHz, DMSO-d6): 9.10 (1H, s, C2H), 7.75 (1H, s, C5H), 7.68 (1H, s, C4H), 4.17 (2H, t, NCH2), 

3.85 (3H, s, NCH3), 1.77 (2H, m, NCH2CH2), 1.26 (2H, m, N(CH2)2CH2), 0.89 (3H, t, N(CH2)3CH3) ppm.  
δC (100 MHz, DMSO-d6): 199.55 (N(CN)2) 136.96 (C2), 124.02 (C4), 122.68 (C5), 49.00 (NCH2), 

36.17 (NCH3), 31.80 (NCH2CH2), 19.32 (N(CH2)2CH2), 13.65 (N(CH2)3CH3) ppm. 
 
1-butyl-3-methylimidazolium acetate [C4C1im][OAc]: 
 
From Prof. Welton group stock, synthesised according to protocol.2 
 
H (400 MHz; DMSO-d6): 9.05 (1H, s, C2H) 7.89 (1H, s, C5H), 7.74 (1H, s, C4H), 4.20 (2H, t, NCH2), 

3.88 (3H, s, NCH3), 1.75 (2H, m, NCH2CH2), 1.20 (2H, m, N(CH2)2CH2) and 0.82 (3H, t, N(CH2)3CH3) ppm.  
C (100 MHz; DMSO-d6): 137.18 (C2), 123.98 (C4), 122.74 (C5), 48.84 (NCH2), 36.06 (NCH3), 35.72 

(CH3COO), 31.88 (NCH2CH2), 29.78 (OOCCH3), 19.16 (N(CH2)2CH2), 13.64 (N(CH2)3CH3) ppm. 
 
1-butylimidazolium nitrate [HC4im][NO3]: 
 
Nitric acid (70%, 1 equiv.) was added to an aqueous solution of recrystallized imidazole (1 equiv.) 

under N2(g) at 0 °C.   The resulting mixture was stirred overnight and the water evaporated on a rotary 
evaporator, and the IL dried in vacuo. IL purity and cation:anion ratio was checked by NMR (400 MHz, 
Bruker) and hygroscopic water uptake was checked prior to use using Karl-Fischer titration (TitroLine 
7500 KF Titrator, Lab Synergy).   

H (400 MHz, DMSO-d6): δ 9.11 (1H, s, C2H), 7.89 (1H, d, C4H), 7.80 (1H, d, C5H), 4.22 (2H, t, 
NCH2), 1.88 (2H, m, NCH2CH2), 1.30 (2H, m, NCH2CH2CH2), 1.05 (3H, t, NCH2CH2CH2CH3) ppm. 

C (100 MHz; DMSO-d6): 138.31 (C2), 122.45 (C4), 121.32 (C5), 46.76 (NCH2), 38.20 (NCH2CH2), 
20.14 (NCH2CH2CH2) and 14.65 (NCH2CH2CH2CH3) ppm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The structures of the studied cations and anions are presented below:  
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Fig. S1. Cations and anions of the ILs used for chalcopyrite leaching. 

 

2. Effect of the agitation on leaching 
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Fig. S2.  Effect of the agitation on leaching of copper and iron from chalcopyrite in 0.45 M 

[HC4im][HSO4] solution after 7 days of leaching at 343 K. 

 

3. Kinetics of chalcopyrite dissolution 
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Cu extraction modelling 

a) b)  

c) d)  

Model Equation Temperature, 
K (°C) 

Rate constant R2 mean R2 

a) surface 
chemical 
reaction 

kt=[1 - (1 - 
a)1/3] 
 

298 (25) 
313 (40) 
333 (60) 
343 (70) 
363 (90) 

5.27 x 10-6 

5.03 x 10-6 
4.02 x 10-6 
3.38 x 10-6 
3.26 x 10-6 

0.90267 
0.85517 
0.99923 
0.91078 
0.97236 

0.928042 

b) diffusion 
through the 
product layer 

kt=[1-2/3a-(1-
a)2/3] 

298 (25) 
313 (40) 
333 (60) 
343 (70) 
363 (90) 

1.86 x 10-8 
1.98 x 10-8 
2.84 x 10-8 
4.39 x 10-8 
6.69 x 10-8 

0.99467 
0.98172 
0.99723 
0.99853 
0.98665 

0.99176 

c) avrami a = 1-exp(-kt)n 298 (25) 
313 (40) 
333 (60) 
343 (70) 
363 (90) 

5.65 x 10-6 
8.11 x 10-4 
1.61 x 10-3 
2.08 x 10-3 
2.17 x 10-3 

0.92946 
0.95219 
0.92864 
0.9217 
0.92379 

0.931156 

d) time to a 
given fraction 

a=kt3/2 
a= 0.015 

298 (25) 
313 (40) 
333 (60) 
343 (70) 
363 (90) 

3.26 x 10-6 
3.38 x 10-6 
4.02 x 10-6 
5.03 x 10-6 
5.27 x 10-6 

0.71035 
0.94472 
0.80533 
0.82157 
0.99846 

0.856086 

 
Fe extraction modelling 
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a) b)  

c) d)  

Model Equation Temperature, 
K (°C) 

Rate constant R2 mean R2 

a) surface 
chemical 
reaction 

kt=[1 - (1 - 
a)1/3] 
 

298 (25) 
313 (40) 
333 (60) 
343 (70) 
363 (90) 

6.13 x 10-6 
8.27 x 10-6 
9.07 x 10-6 
9.38 x 10-6 
1.14 x 10-5 

0.93588 
0.99972 
0.99482 
0.99895 
0.99888 

0.98565 

b) diffusion 
through the 
product layer 

kt=[1-2/3a-(1-
a)2/3] 

298 (25) 
313 (40) 
333 (60) 
343 (70) 
363 (90) 

1.05 x 10-7 
1.30 x 10-7 
1.34 x 10-7 
1.37 x 10-7 
1.99 x 10-7 

0.97754 
0.98468 
0.98153 
0.97997 
0.97943 

0.98063 

c) avrami a = 1-exp(-kt)n 298 (25) 
313 (40) 
333 (60) 
343 (70) 
363 (90) 

1.73 x 10-6 
5.43 x 10-5 
5.52 x 10-5 
6.05 x 10-5 
8.15 x 10-5 

0.98788 
0.86329 
0.86371 
0.87604 
0.88363 

0.89491 

d) time to a 
given fraction 

a=kt3/2 
a= 0.015 

298 (25) 
313 (40) 
333 (60) 
343 (70) 
363 (90) 

1.98 x 10-4 
2.77 x 10-4 
3.02 x 10-4 
3.13 x 10-4 
3.78 x 10-4 

0.87648 
0.98584 
0.96955 
0.98173 
0.98131 

0.958982 

 
 

 
Fig. S3. Cu and Fe leaching modelling using  
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a)  b)  

c)  
Fig. S4. Arrhenius plot for Cu (a) (Ea = 18.4 kJ mol-1), Fe (b) (Ea = 7.7 kJ mol-1) and Fe (c) (Ea = 7.4 

kJ mol-1)   for leaching from CuFeS2. 
 

 

 

3. Leaching in sulfuric acid 

 
Fig. S5. Leaching of copper with 0.075 M H2SO4 at 343 K. 
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4. Solution redox potential 

 

Fig. S6. Raw data of Eh (3 repeats) for 400 mL-scale CuFeS2(s) dissolution over extended ~1 month 
ambient leach durations in: A) 0.075 M H2SO4aq; B) 0.45M [C4Him][HSO4]aq. 

 
 
 

5. Interpretation of XPS results: 
 
Table S1. Binding energies of C1s, Cu2p

3/2 and Cu2p
1/2 as obtained after the charge correction of 

0.4 eV. 

Binding En./ eV C1s Cu2p 3/2 Cu2p
1/2 

Cleaved 285.1 932.2 952.0 

Oxidised 284.6 932.2 952.0 

s3 285.2 932.2 952.0 

s4 285.0 932.2 952.0 

 
The reference point for the final charge correction of the spectra is taken from Cu2p

3/2 with a 

binding energy at 932.2 ±0.1eV, Fig. S6.  
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Fig. S7. Cu2p region from a cleaved surface. Cu2p

3/2 at 932.2±0.1 eV and Cu2p
1/2 at 952.0 ±0.1 eV BEs are 

used as internal reference. 
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Fig. S8. S2p region of a cleaved chalcopyrite surface: 1) spectrum and fitting, 2) background, 3)  

stoichiometric S2p at a binding energy (BE) of 161.3 eV, 4) the surface disulfides at 161.9 eV, 5) the 
satellite peak of disulfides at 164.4 eV, 6) an extra peak at 162.9 eV that corresponds to polysulfides 

or S0 species. 
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Fig. S9. S2p region of the sample leached in [HC4im][HSO4] (0.45 M) aqueous solutions at 70 oC 

after 8 days in: a) 0.45 M [HC4im][HSO4] (0.45 M) aqueous solution: 1) spectrum and fitting, 2) 
background, 3)  stoichiometric S2p at a binding energy (BE) of 161.3 eV, 4) the surface disulfides at 

161.9 eV, 5) the satellite peak of disulfides at 164.4 eV, 6) and 7) polysulfides at 162.9 and 163.8 eV; 
b) 0.45 M [N0002][HSO4]  aqueous solution: 1) spectrum and fitting, 2) background, 3)  

stoichiometric S2p at a binding energy (BE) of 161.3 eV, 4) the surface disulfides at 161.9 eV, 5) 
polysulfides or S0 species at 163.4 eV. 

 
Fig. S10. Fe2p regions of the chalcopyrite samples and after leaching in 0.45 M [HC4im][HSO4] 

(1) and 0.45 M [N0002][HSO4] (2) solutions. 
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Fig. S11 Comparison of the O1s regions of the cleaved surface (1) and after leaching for 24 h in 0.45 M 

[HC4im][HSO4] (2) and 0.45 M [N0002][HSO4] (3) solutions. 

 

Table S2. Binding energies and commonly found interpretations of the peaks that can be used for the 

fitting of the O1s regions 

O1s region Ref. 

531.1 eV  O-Cu 3 

530.9eV   OH 4 

532.0 eV  O=C-O 3 

532.2 eV  CuSO4 5 

532.5 eV  FeSO4 6 

533.4 eV  C-O,H2O 3,4 

532.3-533.2 eV O related to Fe and C 7 

529.7-531.3  eV Fe oxides and defective oxides 7 

 
6. Test for carbene formation 

 

Fig. S12. Reaction catalysed by Cu(I) carbene complex. 

 
NMR: NMR spectra has showed only peaks corresponded to [HC4im][HSO4] (Fig. S13) and was 
decided to analyse the residue with mass spectrometry, looking for 1-benxyl-4-
phenyl(1,2,3)triazole peaks at 235.11-237.11 (Fig. S14). The absence of the peaks of the 
carbene compound confirms that the carbene complex was not observed in the studied 
leached systems. 

Page 21 of 23 Physical Chemistry Chemical Physics



10 
 

 

 
Fig. S13. 1H NMR spectrum of the dry residue of chalcopyrite leachate with benzylazide and 

phenylacetylene. Only the signals of IL were observed. 

 
Fig. S14. MS spectra at the region where catalysed carbene complex would be found. 
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